Objective: To develop and validate a comprehensive ex vivo training curriculum for laparoscopic colorectal surgery. Background: Simulators have been shown to be viable systems for teaching technical skills outside the operating room; however, integration of simulation training into comprehensive curricula remains a major challenge in modern surgical education. Currently, no curricula have been described or validated for advanced laparoscopic procedures. Methods: This prospective, single-blinded randomized controlled trial allocated 25 surgical residents to receive either conventional residency training or a comprehensive training curriculum for laparoscopic colorectal surgery. The curriculum consisted of proficiency-based psychomotor training on a virtual reality simulator, cognitive training, and participation in a cadaver lab. The primary outcome measure in this study was surgical performance in the operating room. All participants performed a laparoscopic right colectomy, which was video recorded and assessed using 2 previously validated assessment tools. Secondary outcome measures were knowledge relating to the execution of the procedure, assessed with a multiple-choice test, and technical performance on the simulator. I t is well recognized that a certain component of modern surgical residency training has transitioned from the operating room to the surgical skills laboratory. As such, ex vivo models including bench top and virtual reality (VR) simulators have been developed to teach From the
laparoscopic skills in a safe, simulated environment. The effectiveness of these models has been demonstrated in several randomized controlled trials and systematic reviews. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Although a significant amount of important work has been done to validate simulators as viable systems for teaching technical skills outside the operating room, the next necessary step is to integrate simulation training into comprehensive curricula.
A comprehensive curriculum for a surgical procedure includes both technical skills training and cognitive training. The importance of cognitive training has been highlighted by a recent study that demonstrated that cognitive errors, such as a lack of understanding of the correct sequence of steps in an operation, trigger the majority of mistakes in a procedural task rather than technical errors. 11 This is supported by psychomotor learning theory, which states that the cognitive stage-where a novice develops a mental picture of the motor task-is the first step in a trainee mastering a motor skill. 12 To do this correctly, the trainee must understand the steps of the operation in the correct order, and must know how to troubleshoot unexpected developments. In addition, the rehearsal of a task in a simulated environment that requires both technical and cognitive knowledge is thought to be essential in the development of technical skills curricula. 13, 14 As such, several frameworks have been described for curriculum development, all of which include cognitive training as an essential component in simulation-based learning. 15, 16 Few comprehensive curricula for training in minimally invasive surgery have been described or evaluated. The Fundamentals of Laparoscopic Surgery (FLS) program is the most well-described comprehensive curriculum for basic laparoscopy, and it is the curriculum with the most evidence concerning its validity. [17] [18] [19] The FLS program, however, is limited by the fact that it is designed to teach only basic component laparoscopic skills. Other curricula on VR simulators have been described for basic laparoscopy, but they do not contain a cognitive teaching component, and at this point, there is no evidence that the learnt skills transfer to the operating room. [20] [21] [22] [23] [24] It is necessary to expand on the existing training curricula for laparoscopic surgery, not only to introduce a more formal cognitive element into surgical skills training programs but also to move beyond basic laparoscopy, and to develop curricula for training individuals in advanced minimally invasive surgery. To our knowledge, at this point, no comprehensive technical skills curricula have been developed or validated for an advanced laparoscopic procedure.
The purpose of this study was to develop and validate a comprehensive technical skills curriculum for laparoscopic colorectal surgery. Specifically, our first objective was to outline a comprehensive curriculum consisting of both psychomotor skills training and cognitive training for laparoscopic colorectal surgery. Our second objective was to conduct a randomized controlled trial to compare the technical performance and cognitive knowledge of curriculartrained residents with conventionally trained surgical residents. We hypothesized that residents trained using this curriculum would have an improved understanding of the technical aspect of performing laparoscopic colorectal surgery, and that they would also demonstrate
Participants
Participants were residents in their second, third, or fourth postgraduate year of training in general surgery who volunteered to participate. Participants were recruited by e-mail. To be included in the study, participants had to have performed fewer than 10 laparoscopic colorectal procedures as the primary surgeon. Residents were enrolled in the control group (conventionally residency training) and the intervention group (comprehensive curricular training) in a randomized fashion using a sealed envelope technique. Participants had an equal probability of being assigned to either group. Because of the nature of the intervention, they were not blinded to their group assignment.
Initial Assessment
After randomization, residents in both the conventional group and the curriculum group completed the easy level of the technical skills curriculum on the VR simulator (LapSim, Surgical Science, Gothenburg, Sweden). Before commencing the task, all participants received a standardized orientation to the simulator and a video demonstration on the simulator of how to perform all the tasks correctly. All residents also completed a short questionnaire designed to assess their demographics and their laparoscopic experience to date.
Conventionally Trained Group
Residents randomized to the conventional group progressed through residency training in the usual fashion. They participated in the operating room as per their individual rotations during the study period. In addition, they participated in the weekly general surgical teaching sessions provided by the residency program. These sessions were designed to teach mechanism of disease rather than operative technique. Residents in the conventional group were also unrestricted in any independent reading or learning that they wished to engage in during the study period. This was done to ensure that the experience of the conventionally trained residents mirrored current residency training as closely as possible.
Curriculum-Trained Group
Residents who were randomized to the curriculum group completed the technical skills curriculum for laparoscopic colorectal surgery in its entirety. The curriculum consisted of 3 components. A technical skills training program on a VR simulator (LapSim), a cognitive training component, and cadaver laboratory training.
Virtual Reality Training
A proficiency-based curriculum for laparoscopic colorectal surgery was created using Delphi consensus methodology. Eight LapSim tasks (7 basic tasks, and 1 suturing task) were identified by an international expert panel as being relevant to learning laparoscopic colorectal surgery. Easy, medium, and hard levels were created for each task using previously described parameters. 25 Expert benchmark levels of proficiency for each task were created. 26 Study participants practiced on the simulator until they were able to reach expert levels of proficiency for each task or until they had practiced a task 10 times. Participants were able to practice the tasks in any order of their choosing. Each practice session was no longer than 1 hour in length. This practice schedule was informed by our current understanding of distributed practice for maximal learning effectiveness. 27 A member of the study team (V.P.) was present during each practice session to facilitate using the simulator. After completing each task, participants were able to see how they performed relative to the expert benchmarks and what elements of their motor movements they needed to improve on to increase their score. This feedback was automatically provided by the simulator.
Cognitive Training
The cognitive training component of the curriculum consisted of self-directed reading and video-based learning. All residents in the curriculum group were provided with reading material related to how to perform a laparoscopic right and sigmoid colectomy. Specifically, the "Segmental Colon Resection" chapter from the online ACS textbook, 28 the "Laparoscopic Right Colon Resection" and "Laparoscopic Sigmoid Colon Resection" from the ACS/APDS curriculum, and the recommended readings from the ACS/APDS module. 29 The video training component consisted of a group seminar session. Participants watched sequential video clips of laparoscopic right and sigmoid colectomies. After each video clip was shown, the expert facilitating this session prompted the participants to think of what surgical step came next; or how to troubleshoot problems such as difficult anatomy, or complications such as bleeding. The purpose of the cognitive session was to allow participants to understand the flow of the operation and conceptualize how to plan and execute a laparoscopic right and sigmoid colectomy.
Cadaver Training
Finally, the cadaver laboratory portion of the curriculum consisted of a 3-hour interactive teaching session where residents participated in a cadaver laboratory where they had the opportunity to perform either a laparoscopic right or sigmoid colectomy. The participants worked on pairs on the cadavers with a staff expert facilitating. The purpose of the cadaver laboratory portion of the intervention was to allow the study participants to integrate the technical skills they had learned during the VR training component with the cognitive skills they had learned during the video teaching portion of the curriculum.
Final Assessment
The final assessment occurred within a 5-month period of the intervention and consisted of 3 components: an intraoperative assessment, a cognitive assessment, and an assessment of performance on the VR simulator.
Intraoperative Performance
To assess the impact of curricular training on technical and cognitive skill acquisition, the assessment phase of the study occurred in the operating room during a surgical procedure on a patient. Participants in both the conventional and the curriculum groups performed a laparoscopic right hemicolectomy on a patient with a staff member assisting in the usual fashion, which included verbal instruction and takeover if necessary. The faculty member was blinded as to the randomization of the residents. The operative procedure was video recorded through the laparoscopic camera from port insertion until the end of the case. As such, no identifying data of the patient or the operating team was recorded. In addition, the video recording did not record any sound. A member of the study team was present during each of the cases to facilitate the recording and to document any potential takeovers by the faculty member. The videos were given to an individual who was experienced in video assessment, not affiliated with the study team, who rated the videos using two previously validated tools: a procedure-specific evaluation tool and the modified OSATS global rating scale to assess general laparoscopic skill 6, 30 ( Table 1 , Supplemental Digital Content 1 is the OSATS global rating scale, available at http://links.lww.com/SLA/A252; and Table 2 , Supplemental Digital Content 2 is the procedure-specific rating scale, available at http://links.lww.com/SLA/A253). The modified OSATS scale assesses technical performance in a holistic manner whereas the procedure-specific rating scale evaluates how well each component substep of the operation is performed. The rater was also provided with the takeover information from the operating room. The rater was instructed to assess only the parts of the case that were performed by the study participant. If a step on the procedure-specific evaluation tool was not performed, then the rater was instructed to rate it as not applicable.
Cognitive Knowledge Assessment
Each study participant completed a multiple-choice test, which was designed to assess the person's understanding of how to perform a laparoscopic right and sigmoid colectomy.
Performance on the Virtual Reality Simulator
Participants in both the curriculum and the conventional group completed the "easy" level of the curriculum on the VR simulator. All residents were reoriented to the simulator and were shown the videos on the simulator containing instructions on how to complete each task correctly.
Outcome Assessment
The primary outcome assessment was the difference in operative performance between residents in the conventional and the curriculum groups as measured by scores on the modified OSATS. Operative performance was chosen as the primary outcome measure because it most accurately represents whether participation in the comprehensive curriculum was able to produce an improvement in performance in a real clinical situation. The secondary outcome measures in this study are the differences in scores on the procedurespecific rating scale, the differences in the number of surgical substeps performed in the operating room by each participant, and the difference in multiple-choice test scores and scores on the VR simulator (time and economy of motion) between groups.
Sample Size
In previous work with OSATS, the average difference between expert and novice groups was 6 points. 31 Using an alpha of 0.05, a power of 0.80, and a population standard deviation of 4.5, the sample size required for each group is at least 9 individuals. Because of the potential for drop out, we aimed to recruit at least 22 residents (11 per group) to ensure an adequate sample size.
Statistical Analysis
Descriptive statistics were calculated for all variables. Data are reported as median (interquartile range). Q-Q plots were performed for all data sets to assess for normal distribution. All data except multiple-choice test scores were not normally distributed and, as such, differences between groups were assessed using the Mann-Whitney U test. A difference between groups in multiple-choice test scores was assessed using the Student t test for independent groups. All statistical analysis was performed using SPSS version 18 (SPSS Inc, Chicago, IL). P < 0.05 was considered statistically significant.
RESULTS

Initial Assessment
At the outset of the study, laparoscopic experience was similar between groups (Table 1 ). In addition, there was no statistically significant differences with respect to time, or economy of movement parameters between the curriculum-trained group and the conventionally trained group on the various elements of the pretest on the VR simulator with the exception of the grasping task, and the path length for the fine dissection task (Table 2) . During the study period, residents in the curriculum group and the conventional group performed a similar median number of laparoscopic colorectal 
Intervention
Time to Reach Proficiency in the Virtual Reality Portion of the Curriculum
Most tasks on the VR curriculum (13 of 19) required 2 or less trials to pass (Table 3 ). All residents were able to pass 13 of the 19 tasks in the VR curriculum (Table 3 ). The average total time to complete the curriculum was 4 hours and 14 minutes (SD 4 minutes).
Final Assessment
Performance in the Operating Room
Residents in the curriculum group showed a higher level of technical proficiency than residents trained using conventional residency training (curriculum OSATS score 16 (Figs. 3 and 4) . Residents in the curriculum group were also able to perform more operative steps of the procedure than residents in the conventional group (16. (Fig. 5) .
Performance on the Multiple-Choice Test
The overall score on the test was significantly higher for residents in the curriculum group than in the conventional group (curriculum 10 [out of a possible 18, 9-11], conventional 7.5 [5.3-7.5], P = 0.047) (Fig. 6) . 
Performance on the Virtual Reality Simulator
Residents in the curriculum group were significantly faster on 6 of the 7 posttest tasks, and they had significantly better economy of movement scores on 5 of the 7 tasks (Table 4) .
DISCUSSION
This randomized controlled trial describes a comprehensive training curriculum for an advanced laparoscopic procedure. The curriculum adheres to current standards of proficiency-based training, distributed and deliberate practice, and consists of both a psy-FIGURE 4. Procedure-specific evaluation tool score in the operating room for the curricular and conventionally trained groups. Horizontal bars, boxes, and whiskers represent the median, interquartile range, and range, respectively.
chomotor training component and a cognitive learning component. To our knowledge, this is the first randomized controlled trial that demonstrates that participating in a comprehensive ex vivo training curriculum for an advanced minimally invasive procedure translates to improved technical performance in the operating room. The importance of this is underlined by the relative inexperience of the participants in this study. At the outset of the study, the median number of laparoscopic right colectomies done by the group was 0. At the final assessment in the operating room, residents in the intervention group were able to perform a median of 16 performed by the control group. In addition, this study demonstrated that ex vivo curricular training results not only in improved technical proficiency but also in improved cognitive knowledge related to performing this advanced surgical procedure. This has important im-FIGURE 6. Multiple-choice test scores for the conventionally and curricular-trained groups. Horizontal bars, boxes, and whiskers represent the median, interquartile range, and range, respectively.
plications both for residency training programs, and for patient safety in the operating room.
Significant strengths of this study include the systematic manner by which the curriculum was designed, as well as the randomized controlled single blinded trial design. Although other curricula to teach laparoscopic skills have been described in the literature, none has been described for advanced laparoscopic procedures, few contain a cognitive training component, and there is little evidence that the learned skills transfer to the operating room. The FLS curriculum is perhaps the most well-studied curriculum. It consists of both technical and cognitive training, and a randomized controlled trial has shown the transfer of skills to the operating room. However, it is limited to teaching basic component laparoscopic skills. 32, 33 Other curricula have been developed on VR simulators; however, these do not contain a cognitive learning component, and at this point, no randomized controlled trials have been performed to assess the clinical transferability of the learned skills. [20] [21] [22] [23] [24] Although current residency training programs likely use similar components of this curriculum in their current training, for example, didactic teaching or psychomotor training on a simulator, these are usually provided in an ad hoc fashion. A particular strength of this described curriculum is its comprehensive nature and how each component potentially informs the other. Indeed, understanding the flow of the operation in combination with practicing the technical skills in a low risk environment likely both contribute to the improved technical performance in the operating room. As such, each component of the curriculum is essential to provide complete, holistic training and thus achieve the potential benefits in the clinical environment.
The "control" group in this study also represents a significant strength of the study. Residents in the control group participated in residency training in the usual fashion; that is, throughout the duration of the study, they participated in the operating room and gained technical experience, and they also participated in weekly teaching sessions provided to all general surgical residents by the department. This markedly increases the generalizability of our findings because we are comparing the addition of systematic curricular training to the current training received by residents at our institution, rather than comparing simply a "trained group" versus an "untrained group."
It is interesting to note the gains achieved by the curriculartrained group despite the fact that not all residents were able to pass all tasks of the VR curriculum. As part of the study protocol, residents could only practice each VR task a maximum of 10 times. Up to 2 residents (13%) could not pass 4 of the tasks, 3 residents (23%) could not pass the "fine dissection-hard level" task, and 7 residents (54%) could not pass the "cutting-medium level" task. With the exception of the significant number of residents who were unable to pass the "cuttingmedium level" task, these numbers are consistent with learning curve data reported in the literature. 34 Previous work has reported 4 types of learning curves for the acquisition of technical skills: individuals who demonstrate proficiency from the beginning, individuals who achieve proficiency between 2 and 9 repetitions, a third group that demonstrates the slow acquisition of skills but that cannot achieve proficiency by 10 repetitions, and a final group that underperforms from the beginning and shows no tendency for skills improvement. 34 In addition to several residents in our study having learning curves similar to those in groups 3 and 4 in the previously described study, perhaps the significant proportion of junior level trainees with limited laparoscopic experience who participated in this study contributed to the fact that many study participants were unable to pass the cutting task. In potential future studies involving this curriculum, it is worth considering whether eliminating the cutting task at the medium level, or reevaluating the simulator settings for this task, may help to improve the pass rate to the standard reported in the literature. Finally, this learning curve data highlights the importance of psychomotor assessment as a potential component in the selection process of surgical residents.
A potential limitation of this study is the dropout rate. Initially, 25 residents were recruited to the study. At the postintervention assessment, we were able to record 9 residents in each group in the operating room. On the basis of the dropout rates of similar educational studies investigating effects in the operating room, a dropout rate of at least 10% was expected. [35] [36] [37] [38] As such, we intentionally overrecruited at the outset of the study, and our dropout rate fits within the range described in the literature. It is important to note, however, that the individuals in the study who were unable to participate in the postintervention final assessment did not decline participation. Rather it was for logistical reasons (which included travel issues getting to the simulator, resident participation in electives out of the city, or resident participation in rotations in hospitals that did not perform laparoscopic right colectomies) that made it difficult to obtain postassessment measurements from all study participants. In addition, at the outset of the study, there were no statistically significant differences in the median postgraduate year level (completers 3 [2] [3] [4] ; P = 0.683 and P = 0.456), or performance on the VR pretest between the participants who completed the study and those who did not. As such, we expect that the dropout rate should not introduce a selection bias in our final results. Also, we believed that it was important to balance obtaining postintervention data from a maximum number of participants with conducting this portion of the study within a reasonable amount of time. A 5-month period within which to collect the postintervention assessment data were chosen because it has been shown that technical skills learned on simulators can persist variably, from 5 to 7 months. 39, 40 The curriculum described in this study is unique compared with the few comprehensive curricula described in the literature. This curriculum contains not only a proficiency-based VR training component but also a cognitive-based video instruction session and a cadaver laboratory where the residents have the opportunity to consolidate their psychomotor skills and their cognitive skills in a low risk simulated environment. Although the comprehensive nature of this curriculum undoubtedly contributed to the fact that curriculum-trained residents showed superior technical performance in the operating room and superior knowledge relating to the performance of a laparoscopic right colectomy, this required significant resources. Specifically, implementing this curriculum in residency training programs in its current state requires a VR simulator, a staff member to facilitate the video-based teaching session, and cadavers. Although there is a significant cost associated with ex vivo training, another work has shown that for a complex laparoscopic task (laparoscopic suturing), over a 5-year period, VR training becomes more cost effective than conventional residency training. 37 Conducting trials to assess the validity of educational interventions is essential to justify the significant expenses and investments required to implement ex vivo training curricula in surgical residency training programs. Furthermore, these studies are necessary to justify systematic changes in residency training programs, which have preserved their structure for the past century. It is imperative to ensure that medical education is being delivered to trainees in an evidencebased fashion, rather than simply relying on historical methods of training.
This randomized controlled study has the potential to significantly alter our current standard of residency training and has critical implications for patient safety in the operating room. It would be interesting to further define the specific gains provided by the curriculum. Specifically, it would be interesting to see if curricular training also had an effect on nontechnical skills, and technical proficiency in the operating room. The development and validation of this curriculum represents a significant departure from the preliminary curricula currently defined in the literature for laparoscopic procedures. More Copyright © 2012 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.
